INTRODUCTION
Previous experiments with grass species in this series of investigations (Bradshaw, Lodge, Jowett & Chadwick 1958 , 1960a Bradshaw, Chadwick, Jowett, Lodge & Snaydon 1960b) have shown that responses to variation in individual soil nutrients, determined in sand and water culture, can throw considerable light on the ecological behaviour of these species. In addition to the nutrients already investigated, variation in response to nitrate nitrogen seemed especially worthy of investigation.
Nitrogen appears to have been the first mineral nutrient to be specifically recognized as necessary for plant growth (Russell 1961) , and it is now generally accepted that nitrogen is one of the most important, and most generally deficient, soil nutrient factors limiting the growth of crop species (Black 1957) . The general prevalence of sub-optimal levels of nitrogen in agricultural situations applies also to natural and semi-natural plant communities, as is shown by the numerous records of increased productivity of these communities in responseto nitrogenfertilization(e.g. Boyd &Lessells 1954; Voisin 1959 Voisin , 1960 .
The nitrogen content of the soils of contrasting natural habitats is known to vary widely (e.g. Olsen 1921; Millar 1955) . It might, therefore, be expected that at least some of the variation in botanical composition between the plant communities of these contrasting habitats is attributable to the variation of soil nitrogen content. This in turn implies variation between plant species in response to nitrogen supply. Because of the competitive conditions existing within natural and semi-natural plant communities, even relatively small differences between species in response to nitrogen might lead to large differences in botanical composition between communities in response to relatively small differences in soil nitrogen level. There is, in fact, a certain amount of evidence indicating that species differ in response to nitrogen and that the botanical composition of plant communities varies greatly in response to different levels of soil nitrogen. This evidence is briefly surveyed below.
(i) Some wild species have been shown to possess definite 'nitrophilous' habits, e.g. Urtica dioica (Olsen 1921) , Epilobium angustifolium and Rubus idaeus (Hesselman 1917 ). Recently the difference in response to nitrogen between Urtica dioica and other species with nitrophilous affinities (Filipendula ulmaria, Deschampsia caespitosa and Mercurialis perennis) has been demonstrated (Taylor 1963; Pigott & Taylor 1964) as has the range of reaction exhibited by a number of other wild species (Mayser 1954) . At the other end of the scale species such as Calluna vulgaris (Gessner 1932) and Nardus stricta (de Coulon 1923) have the reputation of being 'nitrophobes', and Atriplex hastata has been shown to grow well under conditions of nitrogen deficiency (Rees & Sidrak 1956) .
(ii) Differences in response to nitrogen between various crop plants have long been realized (e.g. Russell 1961; Crowther, Tomforde & Mahmoud 1937; Crowther & Yates 1941) . In vegetables such differences have been shown to, be very marked in experiments in sand culture (Woodman 1944 ). An awareness of differences in response to nitrogen between economically important grass species underlies much present day grassland management, and certain specific experiments (Remy & Vasters 1931; Lovvorn 1945) suggest that such differences between species, in response to nitrogen, may be considerable.
Recently, experiments in sand culture have shown that weed species may differ markedly in their nitrogen response; these responses are similar to those of the crops with which they are often associated (Chadwick & Obeid 1963) . (iii) A number of experiments have been carried out in which different fertilizers have been applied to permanent grassland communities continuously for a period of years. Where such experiments have included a nitrogen treatment the results show that addition of nitrogen can greatly change the botanical composition of a sward (Brenchley 1958; Siebold 1958; Murphy 1960; Pawson 1960; de Vries & Kruijne 1960; Willis 1963) . The addition of nitrogen to a salt marsh also greatly altered the botanical composition of the vegetation (Davies & Jones 1932) .
(iv) Finally, the correlative approach applied to natural plant communities, despite its pitfalls, indicates correlations between the distribution of species and variations in nitrogen level which are strongly suggestive of causal relationships (Olsen 1921; Ellenberg 1952) .
INVESTIGATIONS
The same species were used in the present investigations as in the previous experiments with phosphorus (Bradshaw et a!. 1960b) , the plant material also originating from the same sources. The culture and harvesting techniques were also similar to those used previously (Bradshaw et a!. 1958) . The composition of the nutrient solution used is presented in Table 1 . Nitrogen was varied by alteration of NaNO3. At the highest nitrogen concentration, in order to prevent excessively high levels of sodium, the potassium and calcium were introduced as nitrates instead of sulphate and chloride, and the NaNO3 adjusted accordingly. The variations in nitrogen level were therefore accompanied by variations in sodium level (and, at the highest nitrogen level, in the concentrations of sulphate and chloride ions) but such variations are unavoidable in sand culture. Since other nutrients, whose uptake might be affected by variation in sodium, were all at high levels it was unlikely that any large effects due to this occurred, although some effect at the highest level cannot be completely precluded.
The experiment was carried out in an unheated glasshouse during May and June 1959. Growth took place over 8 weeks. Because of possible localized variation of environment, and in order to increase the precision of the estimation of the species x nitrogen interaction, a split-plot lay-out was adopted, species constituting the whole plots within each of the four replications. The dry weight yield values (totals of shoot plus root), on a logio basis, are given in Fig. 1 . The values were expressed logarithmically in order that the responses of the species, which differed greatly in overall yield, could be compared in terms of proportional rather than arithmetic differences. An added advantage of the transformation was that analysis of the transformed data was possible for all species simultaneously (Table 2) , since there was no significant difference in variability between species or treatments after logarithmic transformation.
The first point which may be noted is the general level of yield attained by each species. Lolium perenne and Agrostis stolonifera generally show the highest dry-weight yields; Cynosurus cristatus and both ecotypes of Agrostis tenuis show intermediate levels of yield; A. canina, Festica ovina and Nalrdus stricta exhibit generally low levels of yield.
The form of the species response to variations in nitrogen concentration varies considerably. This is apparent from the highly significant (P<OOO1) speciesx nitrogen interaction ( Table 2) . Inspection of the data suggests that all species show a response up to 27 ppm N level that can best be characterized linearly. Linear regression coefficients were therefore determined for each species for the levels 1-27 ppm N for each replicate and these were subject to an analysis of variance. The results of this analysis are given in Table 3 . Distinct differences between species in the degree of response over this part of the curve are apparent. At these levels Cynosurus cristatus and Nardus stricta respond least, in terms of increased dry-weight yield, to increase in nitrogen concentration. The lead resistant ecotype of Agrostis tenuis, A. canina and A. stolonifera show the greatest response, the two former species being the lowest yielders at 1 ppm N. The other species, including Lolium perenne, show intermediate responses at these lower levels of nitrogen. Over the range 27-243 ppm N even more diverse patterns of response are evident. Nardus stricta and Agrostis canina both produce maximum dry weight yield at 27 ppm N. But whereas Nardus stricta shows a highly significant decline in yield above 27 ppm N, Agrostis canina yields approximately equally over the range 27-243 ppm N. Two species, Festuca ovina and Cynosurius cristatus, produce maximum yields at 81 ppm N. Festuca ovina shows a significant decline, and Cynosurus cristatus a non-significant decline above this level, although there is no significant difference between the response of these two species over the whole range 1-243 ppm N. Lolium perenne, Agrostis stolonifera and the two populations of A. tenuis yield most at 243 ppm N, the highest level used. But the two populations of A. tenuis respond significantly less over the range 9-243 ppm N than do Lolium perenne and Agrostis stolonifera. Since the plants were grown in sand culture it was possible to harvest their roots completely and calculate shoot: root ratios based on dry weight values. The values are given in Fig. 2 and the analysis of variance in Table 4 . As in previous experiments in this series, there are considerable random fluctuations in these values but certain trends can be distinguished. Cynosurus cristatus has the lowest overall shoot: root ratio and Agrostis stolonifera the highest. Nardus stricta shows a very high ratio at the highest nitrogen level. The general effect of increasing nitrogen is to increase shoot: root ratio irrespective of the effect on yields.
The percentage dry weight values were transformed (arc sin) and subjected to an analysis of variance (Table 5 ). Increasing nitrogen level significantly reduced percentage dry weight in all species. There was also a significant (P 0f01) species x nitrogen interaction, some species showing a more marked reduction in percentage dry weight than others. The greatest reduction was shown by Agrostis stolonifera, Nardus stricta and Lolium perenne while Agrostis tenuis and Festuca ovina showed scarcely any reduction. 
DISCUSSION
It is evident from the results presented that the species investigated show very different patterns of response to nitrate nitrogen in sand culture, and, apart from Festuca ovina and Cynosurus cristatus, no two species react similarly. The least responsive species is Nardus stricta; this produces maximum yield at 27 ppm N, shows only a twofold increase in yield over the range 1-27 ppm N, and yields less at 243 ppm N than at 1 ppm N. In contrast Agrostis stolonifera produces maximum yield at 243 ppm N and shows a twentyfold increase in yield over the range 1-243 ppm N. Because of the great diversity of patterns of response it is not easy to rank the species in order of response to nitrogen; several different criteria might be used, such as: optimum nitrogen level, magnitude of maximum response (maximum/minimum yield), response at low nitrogen levels, response at high levels, etc. In view of the large differences between species in response to nitrate nitrogen in sand culture, it would be interesting to compare the response of the various species as determined in sand culture with the response as determined in field conditions. Several sources of field data are available for such comparisons, particularly investigations into (a) changes in the floristic composition of permanent grasslands as a result of the application of nitrogenous fertilizers and (b) correlations between the distribution of species in permanent grassland and nitrogen levels in the soil. Unfortunately of the many published results under the category (a) above, many include only one of the species studied (e.g. Brenchley 1958; Remy & Vasters 1931) and comparisons are therefore not possible; only a few reports include more than three of the species studied. A further difficulty is that often no distinction is drawn between ecologically diverse species within a single genus, e.g. Agrostis spp. and Festuca spp. Nevertheless, using information from a number of sources, comparisons can be made.
Firstly those species occurring naturally on soils of low fertility can be considered. Fenton (1936) and Davies & Jones (1932) record that, in the absence of 'lowland' species, Agrostis tenuis and Festuca ovina increase and Nardus stricta decreases in response to nitrogenous fertilizers whilst Milton (1950) records that such fertilizers increase Agrostis spp. and decrease Festuca spp. Siebold (1958) recorded the floristic changes induced by nitrogenous fertilizers at a number of sites and concluded that the order of response to nitrogen was: N. stricta < C. cristatus < F. ovina < A. tenuis.
Field results are also available for the species shown here to have a high response to nitrogen. Many workers (e.g. Stapledon 1932; Murphy 1960) have shown that applications of nitrogenous fertilizers are necessary for the successful establishment of Lolium perenne on soils of low fertility. Jones (1934) has shown that whilst nitrogenous fertilizers increased the proportion of L. perenne in the sward, it decreased the proportion of Agrostis spp. and greatly decreased Cynosurus cristatus. De Vries & Kruijne (1960) collated the results of a large number of fertilizer experiments and concluded that in almost all cases, nitrogenous fertilizers increased the proportion of Lolium perenne in the sward, caused no consistent change in the proportion of Agrostis stolonifera, and caused the proportion of Cynosurus cristatus and Agrostis tenuis to decline.
Summarizing all of the results quoted above, it would appear that the order of response to nitrogen under field conditions is: N. stricta < C. cristatus < F. ovina < A. tenuis < A. stolonifera < L. perenne. Ellenberg (1952) , using correlative methods, classified the species under consideration here as: L. perenne-high requirement; A. stolonifera and C. cristatus-medium to high requirement; A. tenuis-medium to low requirement; A. canina, F. ovina and N. stricta-low requirement. His conclusions therefore differ from the order derived from field experiments only in the position of Cynosurus cristatus.
Comparison of the results obtained by the sand culture technique with the above field data shows a very close correspondence between the two sets of results obtained by such very different methods. Two discrepancies only are apparent. Firstly, the similar response of Lolium perenne and Agrostis stolonifera in sand culture is at variance with the lower response of A. stolonifera in the field. Secondly, although A. tenuis (normal) showed a significantly smaller response than Lolium perenne and Agrostis stolonifera at the higher nitrogen levels in sand culture, this was less than might be expected from the field results and A. tenuis actually showed a slightly greater response than Lolium perenne at low nitrogen levels. One other apparently curious result concerns the lead resistant population of Agrostis tenuis, which showed a greater response to nitrogen than did the 'normal' population throughout the whole range and especially at low nitrogen levels. At first sight this is unexpected since the lead mine spoil, from which the lead resistant population was obtained, was highly 'infertile'. There are, however, no data concerning the available nitrogen content of the mine soils; since the lead resistant plants grew on the spoil as scattered plants, with no competition from other plants and a large volume of potentially exploitable soil per plant, completely adequate nitrogen supply might be available for these plants. Whatever may be the true explanation, the result points to the occurrence of variation in response to nitrogen between populations within a species. This is confirmed by the recent work of Crossley (1963) on Lolium perenne and Dactylis glomerata.
In a previous paper (Bradshaw et aL. 1960b ) the response to phosphorus of the species studied here was compared with their calcium response (Bradshaw et al. 1958) . Although a fairly close correlation was found between response to phosphorus and response to calcium, individual species (e.g. Cynosurus cristatus) showed markedly different responses to the two nutrients. The correlation that can now be made between phosphorus response and nitrogen response is closer than that between phosphorus and calcium responses; Crossley (1963) , using a further series of species, found a similar close correlation. The basis of this correlation of response to phosphorus and nitrogen is not immediately apparent; it might be the result either of a close relationship between nitrogen and phosphorus levels in soils, or to a close relationship between the uptake and/or utilization of nitrogen and phosphorus by the plant. There is, indeed, evidence of a close correlation between nitrogen and phosphorus content of soils (e.g. Black & Goring 1953; Thompson, Black & Zoellner 1954) . But close relationships also exist between nitrogen and phosphorus within the plant. They are both essential constituents of proteins and their derivatives, and therefore some correlation in their utilization might be expected; in addition Nielsen, Carson & Hoffman (1963) found that additional nitrogen increased both the uptake and percentage of phosphorus in maize, whilst Slater & Goodall (1957) found a similar, but mutual, synergism in lettuce. It would appear, therefore, that the similarity of response to nitrogen and phosphorus might be due to both environmental and physiological phenomena.
The influence of nitrogen supply on the shoot: root ratio of species follows the general pattern reported by other workers (Russell 1961; Black 1957 ), but the significant species x nitrogen interaction emphasizes that all species do not behave similarly in this respect, and confirms the results of Chadwick & Obeid (1963) . This differing effect of nitrogen upon the shoot: root ratio of different species is difficult to interpret. For example, the two species Agrostis stolonifera and Lolium perenne show very similar yield responses to nitrogen; yet Agrostis stolonifera shows very marked changes in shoot: root ratio whilst Lolium perenne shows little change. On the other hand Nardus stricta and Agrostis stolonifera have extremely different yield responses to nitrogen and yet have similar changes in shoot: root ratio. The overall differences in shoot: root ratio between species is likewise difficult to interpret, since it bears little apparent relationship to overall yield, response to nitrogen, or ecological distribution of the species.
The seven species investigated here differed greatly in overall yield, the order being: N. stricta < F. ovina < A. canina < A. tenuis < C. cristatus < A. stolonifera < L. perenne. This order is the same as that reported previously (Bradshaw et al. 1958; Bradshaw et al. 1960b ) except for the low yield of Cynosurus cristatus in one experiment (Bradshaw et aL. 1958) . It would appear therefore that the differences between species in growth rate, as indicated by differences in final dry weight yield, are inherent characters of the species and might have ecological implications. Comparison of these yield differences between species with published data on the productivity of the plant communities in which they occur (Kruijne 1960; de Boer & Ferrari 1957) , shows a very close correlation between the yield of a species and the yield of the grassland community in which it frequently occurs; the one possible exception to this correlation is the reversal of the two species Agrostis stolonifera and Cynosurus cristatus. The yield of each species bears an even closer relationship with mean soil fertility level of its native habitats as determined, for example, by de Vries (1954) . It would appear, therefore, that overall yield is indeed a character of ecological importance. It is generally assumed by agronomists that high yield is a character of strong selective advantage, and that high yield may be equated with success in a given environment. This may well be true of plant communities on highly fertile soil, and in general where the environmental potential is high, but the results of investigations of inter-varietal and inter-specific competition even on relatively fertile soils generally show a very poor correlation between competitive ability and overall yield (Suneson & Weibe 1942; Sakai 1955; Knight 1960; Lampeter 1960; van Keuren 1961) . In fact, on highly infertile soils, with low environmental potential, species with low yields might be at a selective advantage, since they do not outstrip the available nutrient supply, and would therefore metabolize normally under even quite low fertility conditions. Indeed this appears to be the pattern of behaviour demonstrated in the present series of investigations, where species from communities of low productivity and highly infertile soils, such as Nardus stricta or Festuca ovina, have low overall yields and low response to the nutrients tested, whilst species, such as Lolium perenne and Agrostis stolonifera, from communities of high productivity and highly fertile soils, have high overall yields and high response to nutrients. It would appear, therefore, that, although high yields may be of selective advantage under some conditions, low yield may be of selective advantage, especially under conditions of low environmental potential.
Care must therefore be exercised in using yield as a criterion of potential success, especially in direct comparisons of the yield of two species under a given set of environmental conditions. It is partly due to these considerations that, in the present investigation, comparisons of the yield of a single species at various nutrient levels have been used, rather than comparisons of the yield of a number of species at a given nutrient level. The need to compare the yield response to nitrogen of species with widely different overall yields has also necessitated the use of proportional (logarithmic) comparisons rather than arithmetic comparisons. As an example of the difference between the use of comparisons of the yield of a given species at contrasting nutrient levels, as opposed to comparisons of contrasting species at a given nutrient level, the species Lolium perenne and Nardus stricta may be cited. At 27 ppm N Lolium perenne yields four times as much as Nardus stricta, but on the other hand at this level N. stricta yields 100% of its maximum yield whilst Lolium perenne yields only 50 % of its maximum; likewise at 3 ppm N L. perenne yields twice as much as Nardus stricta yet N. stricta yields 60% of maximum whilst Lolium perenne yields only 10% of maximum. In view of the foregoing discussion on the possible selective advantage of low yield, and the known ecological distribution of the two species, it would appear that the higher absolute yield of L. perenne at low nitrogen levels under controlled conditions is far less important than its very low yield at low nitrogen levels relative to its very high yield at high nitrogen levels. Further studies in long term experiments, involving competition between species at various nutrient levels, are obviously called for.
A comparison of the present results with previous results for calcium (Bradshaw et al. 1958 ) and phosphorus (Bradshaw et al. 1960b ) indicate that larger differences exist between species in response to nitrogen than to either calcium or phosphorus. This points to the probable importance of nitrogen as a major ecological factor in determining the distribution of species, a conclusion also reached by consideration of other ecological and agronomic data (see Introduction). Investigations by other workers (Chadwick & Obeid 1963; Crossley 1963; Taylor 1963) indicate the probable importance of nitrogen in the distribution of other taxonomically diverse species. The investigations so far published in the present series indicate how a knowledge of the differential response to such nutrient factors as calcium, phosphorus and nitrogen may help to elucidate the factors responsible for the ecological distribution of ecologically contrasting species. Preliminary results of further studies indicate that differential response to other factors, e.g. aluminium and manganese, may further elucidate the problems of the ecological distribution of these species.
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The species showed very marked differences in yield response. Lolium perenne and Agrostis stolonifera showed the greatest response and yielded most at the highest level used (243 ppm N). Agrostis tenuis showed a response similar to that of Lolium perenne at low nitrogen levels but was significantly less responsive at high levels; there was, however, a significant difference between the response of lead resistant and normal populations of Agrostis tenuis. The response of Cynosurus cristatus and Festuca ovina was significantly less than the above species at low nitrogen levels and both species were adversely affected by the highest level (243 ppm N). Agrostis canina was very responsive to nitrogen at the lower levels but failed to respond to nitrogen above 27 ppm N. Nardus stricta responded only weakly up to 27 ppm N and showed a very strong depression of yield above this level.
The response of the various species to nitrogen in sand culture shows a considerable measure of agreement with determinations of nitrogen response made by other investigators in fertilizer trials and in studies of the correlation between species distribution and soil nitrogen levels in permanent pastures. It is concluded that variation in soil nitrogen levels is probably an important factor determining the distribution of plant species under natural conditions.
The possible ecological significance of differences in overall yield between species is discussed in relation to levels of soil fertility.
